Several studies have suggested that monitoring the depth of anaesthesia might prevent the development of postoperative cognitive decline. We aimed to conduct a meta-analysis to investigate the effects of bispectral index (BIS) monitoring in anaesthesia.
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Introduction
The disturbance in cognitive brain activity after surgery under general anaesthesia is worrisome. According to the literature, the incidence of cognitive decline after minor or major surgeries ranges from 7 to 29% in the elderly and even reaches 19% in younger patients as well [1] [2] [3] [4] . A prominently high incidence was observed after heart surgery (80%) [5] .
The aetiology of postoperative cognitive decline is multifactorial [1] [2] [3] [4] [6] [7] [8] [9] . Considering the causes of postoperative delirium (POD) and postoperative cognitive dysfunction (POCD), the predisposing factors are very similar [1, 2, 6, 7] . However, important differences may be found in the pathophysiological background [2, 6] . By definition, POD is an acute deterioration in cognitive function, a disturbance of consciousness. It develops in the early days postoperatively [2, 6, 7, 10, 11] . POCD is one of the adverse effects of anaesthesia which develops in the later postoperative period and manifests as a decline in a patient's cognitive abilities [2, 6, 7, 10] . Several neuropsychological tests are available to detect changes of cognitive function, although proper test assessment and interpretation are often problematic [2, 8] .
Prevention of postoperative cognitive disturbances is a top priority, with one potential tool being the application of bispectral index (BIS) monitoring [2, 6, 7, 9, [12] [13] [14] . Previous systematic reviews have yielded discrepant results, although the methods applied in data collection, selection and pooling have been varied and, sometimes, incomplete as well [15] [16] [17] [18] [19] . These reviews have left the question open on how BIS monitor-guided anaesthesia influences the incidence of POD and POCD.
Our aim was to compile all available evidence on the effects of BIS on POD and POCD in a systematic review with meta-analysis using two comparisons: general anaesthesia with or without BIS monitoring and anaesthesia with low (BIS values <50) or high (BIS values �50) BIS levels.
Materials and methods
Our study is a systematic review with a meta-analysis of randomized controlled trials (RCTs) evaluating the effect of BIS monitoring on patients under general anaesthesia in the prevention of POD and POCD. Our publication adheres to the PRISMA Statement [20] .
PICOS and eligibility
The review question was formulated by the PICO framework. We included studies that discuss (Population) adult patients who underwent general anaesthesia (Intervention 1 vs. Comparator 1 ) with BIS monitoring vs. without BIS monitoring or (Intervention 2 vs. Comparator 2 ) with low vs. high BIS and which measure (Outcome) the risk of POD and/or POCD. (Study design) As regards study design, we included RCTs exclusively.
A BIS value is a number on a spectrum between 0 and 100 without dimension, scaled to correlate with important clinical endpoints and electroencephalographic (EEG) signals under anaesthesia [7, [12] [13] [14] . The upper end of the spectrum is the awake state with a typical BIS value near 100 [7, 12] . The lower end (BIS = 0) is defined as an isoelectric EEG record [7, 12] . The optimal BIS range of standard surgical anaesthesia falls between 40 and 60 [7, [12] [13] [14] . This range can be divided into low (<50) and high (�50) BIS levels.
We defined POD as a complete disturbance affecting the integrity of consciousness in the first 1-5 days after surgery, whereas POCD begins days later from 1 week on and may persist for 4-6 weeks or even longer, up to 52 weeks [2] [3] [4] 10] . Our primary outcome was POD at 1 day, while secondary outcomes included POD at 2, 3, 4 and 5 days as well as POCD at 1, 12 and 52 weeks.
Search, selection and data extraction
We searched electronic databases including MEDLINE (via PubMed), EMBASE, Cochrane Controlled Register of Trials (CENTRAL), SCOPUS, WHO Global Health Library/Global Index Medicus and Clinical Trial.gov for relevant articles from inception up to 29 April 2019. Human and English-language filters were imposed on the search, where appropriate. Further details of search, selection and data extraction are shown in S1 Appendix. We did not contact the original authors for further information.
Risk of bias (RoB) assessment
We used the Cochrane Risk of Bias Tool to rate risk of bias along critical points in methodology (PH, GV, IP and IT) [21] .
Results from the RoB assessment were incorporated into the interpretation of findings but not in statistical analysis (KK). Discrepancies during the assessment were resolved by reaching a consensus.
Quality of evidence
We used the Grading of Recommendations, Assessment, Development and Evaluation (GRADE) approach to rate the quality of evidence on each outcome (ZS) [22] .
Statistical analysis
The statistical analysis was performed using Stata 15 SE (Stata Corp) by an expert statistician (NG). We calculated pooled relative risks (RRs) with 95% confidence intervals (CIs) for POD and POCD [23] . The analysis was done according to the timing of neuropsychological test measurements (that is, POD at 1, 2 and 5 days and POCD at 1 and 12 weeks). We only performed statistical analysis if at least two RCTs per group were available. Since the settings of the studies do not match exactly, we applied the random effect model with the DerSimonian-Laird estimation [24] . I 2 and chi 2 tests were used to quantify statistical heterogeneity and obtain P-values, respectively; P < 0.100 indicated a significant heterogeneity [24] . To evaluate the effect of the individual studies on the pooled estimate, sensitivity analysis was conducted by omitting studies one by one from the analysis if at least three studies were available per analysis. Trial sequential analysis (TSA) was used to quantify the statistical reliability of data if the condition of the tests were met [25] .
Since the number of studies included in the analysis was low, publication bias could not be checked either using graphical tools (e.g. funnel plots) or tests (e.g. Egger's test).
Study protocol and protocol deviations
The protocol for this study was registered in PROSPERO a priori under registration number CRD42018092981, protocol deviations are described in S1 Appendix. Fig 1 shows the flow chart of our meta-analysis. In total, we identified 1653 records through database searches and one record through other sources; 1408 of which were screened for eligibility after removing duplicates. A total of 1386 ineligible studies were eliminated after browsing titles. Twenty-two studies were removed based on abstract screening. Finally, fourteen studies were included in the systematic review [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] eight of which [29] [30] [31] [32] [33] [36] [37] [38] were qualified to be in the meta-analysis (for reasons, see Fig 1) .
Results

Identification and characteristics of the studies
The characteristics of the studies included and those excluded on full-text assessment are summarised in Table 1 [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and S1 Table [40] [41] [42] [43] [44] [45] [46] [47] , respectively.
Conclusions from studies included in the systematic review are summarised in Table 2 [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] with detailed results presented in S2 and S3 Tables.
The Summary of findings table provides a brief synopsis of the analyses (Table 3 ).
RoB
Although selective reporting was scarce, most items did not meet the criteria for low RoB; these include random sequence generation, allocation concealment and blinding. Three out of fourteen studies were considered to be at high risk in terms of incomplete data reporting. RoB of the included RCTs is summarised in Figs 2 and 3.
BIS vs. no BIS: POD
We included three [32, 33, 37] studies in the meta-analysis on POD (Fig 4) . Based on pooled data from 2138 cases, the use of BIS did prevent POD 1 day after surgery (16.1% vs. 22.8% for BIS vs. no BIS groups, respectively; RR = 0.71, CI: 0.59 to 0.85 for BIS vs. no BIS comparison), without significant between-study heterogeneity (I 2 = 0.0%, P = 0.590) [32, 33, 37] . Two studies [28, 37] based on data from 121 patients showed that the use of BIS did seem to prevent POD within 1-5 days after surgery. In contrast, findings from two studies [26, 34] involving 135 patients showed a neutral effect of the use of BIS monitoring.
BIS vs. no BIS: POCD
We included three [31] [32] [33] studies in the meta-analysis on POCD ( Fig 5) . Based on pooled data from 1985 cases, the use of BIS did not prevent POCD 1 week after surgery (15.8% vs. 18.8% for BIS vs. no BIS groups, respectively; RR = 0.84, CI: 0.66 to 1.08 for BIS vs. no BIS comparison), without significant between-study heterogeneity (I 2 = 25.8%, P = 0.260) [31] [32] [33] . The neutral association calculated from the data from 1985 cases proved to be underpowered (indicated by TSA) and therefore insufficient to draw a final conclusion ( Fig 6) . Based on the pooled data from 2047 cases, the use of BIS did prevent POCD 12 weeks after surgery (6.4% vs. 9.1% for BIS vs. no BIS groups, respectively; RR = 0.71, CI: 0.53 to 0.96 for BIS vs. no BIS comparison), again, without significant between-study heterogeneity (I 2 = 0.0%, P = 0.969) [31] [32] [33] . Only one study [31] involving 60 patients in groups reported data of POCD 52 weeks after surgery (3.7% vs. 12.5% for BIS vs. no BIS groups, respectively; P = 0.36), indicating no benefit of the intervention.
Two studies [31, 32] with multiple cognitive tests and 154 cases reported a preventive effect of BIS POCD at 1, 12 and 52 weeks.
S2 Table summarises the results of studies reporting on the BIS vs. no BIS comparison for POD and POCD. Wong [26] , Sadek [28] at 5 days Zhou [37] POCD at 1 week Ballard [31] , Chan [32] , Radtke [33] at 12 weeks Ballard [31] , Chan [32] Radtke [33] at 52 weeks Ballard [31] low (<50) BIS vs. high BIS (�50) level POD at 1 day Shu [35] Sieber [29] , Hou [36] Sieber [38] at 2 days Sieber [29] Sieber [38] at 3-4 days Sieber [38] at 5 days An [30] Sieber [38] POCD at 1 week Quan [39] at 4-6 weeks Farag [27] at 12 weeks Quan [39] BIS: bispectral index; POD: postoperative delirium; POCD: postoperative cognitive dysfunction https://doi.org/10.1371/journal.pone.0229018.t002 , without significant between-study heterogeneity (I 2 = 0.0%, P = 0.589).
One study [29] involving 114 patients reported no significant difference in Mini Mental State Examination (MMSE) between groups for POD at 2 days (20.0 ± 9.3 in the low BIS group vs. 23.1 ± 5.5 in the high BIS group; P = 0.08). Another study [35] involving 192 patients attributed a protective effect to low BIS for POD at 1 day P = 0.006 for MMSE scores and P = 0.01 for TMT (Trail Making Test) scores.
Low BIS vs. high BIS: POCD
Only one study [39] involving 120 patients presented data on POCD at 1 week. Results from groups were significantly different for POCD at 1 week (19.2% in the low BIS group vs. 39.6% in the high BIS group; P = 0.032) and were similar at 12 weeks (10.3% in the low BIS group vs. 14.6% in the high BIS group; P = 0.558).
Two studies [27, 39] involving 154 patients reported similar results on POCD at 1 [27] and 4-6 weeks [39] after surgery. These studies demonstrated a protective effect of lower BIS on POCD. Only one study [39] reported no significant difference between the effects of different BIS levels at 12 weeks.
S3 Table illustrates the results of postoperative cognitive performance tests for the low BIS vs. high BIS comparison.
Sensitivity analysis
Results for POD at 1 day and POCD at 1 week remained unchanged if any studies were removed from the analysis. However, we lost significance if we removed the Chan et al. study from the analysis on POCD at 12 weeks (probably due to the lack of statistical power).
Discussion
Appropriate brain function monitoring (electroencephalogram monitoring and depth of anaesthesia) would be important to ensure personalised, patient-specific anaesthesia. Theoretically, the application of BIS monitoring could reduce the incidence of prolonged recovery and delayed return of normal cognitive abilities (i.e., orientation and other cognitive functions). A quick and safe postoperative cognitive recovery, such as the avoidance of POD, is of critical importance for patient safety, reduction, and prevention of postoperative complications, early mobilisation and discharge and cost-effectiveness of surgery [2, 6, 7, 9] . POCD starts from the end of the first postoperative week and may persist for weeks to months [2, 11] . POCD impairs quality of life and reduces the Quality-Adjusted life-year (QALY) [11] . Trial sequential analysis (TSA) is a random effect-based meta-analytical model to estimate the "required information size"; in other words, the required meta-analytical sample size allowing us to draw a confident conclusion. Each dot on the Z-curve represents a new piece of information, the results of a new randomised study (a total of three studies were used in our case). If the Z-curve crosses the futility boundary, the intervention has no significant effect on the outcome and the results are unlikely to change if further studies are added. If the Z-curve, crosses the significance boundaries, the intervention has a significant effect on the outcome. In our case, neither the conventional significance boundary nor trial sequential significance boundary was crossed by the cumulative Z-curve indicating that the meta-analytical sample size (1985 patients) is insufficient to draw a confident conclusion: further studies are needed until the "required information size" (6461 patients) is reached. BIS: bispectral index; POCD: postoperative cognitive dysfunction.
https://doi.org/10.1371/journal.pone.0229018.g006
Several trials have been conducted to date to evaluate the benefit of BIS monitoring under anaesthesia to prevent POD and POCD (Table 2) ; however, they have yielded discrepant conclusions (Table 3 ). Our aim was to summarise the true benefits of BIS monitoring by conducting a meta-analysis with a systematic review.
Our findings provide low quality of evidence that the use of BIS monitoring was superior to not using BIS for POD at 1 day and for POCD at 12 weeks (very low quality of evidence). However, the beneficial effects remained undetected for POCD at 1 week, although the analysis was underpowered (see TSA in Fig 6) . (very low quality of evidence) ( Table 3 ). In addition, low BIS seems to be protective against POD at 2 days and maybe against POCD at 1 week (very low grade of evidence for both) (Fig 7, Table 3 ).
Three previous meta-analyses [15] [16] [17] and two systematic reviews [18, 19] have investigated the association between the depth of anaesthesia and cognitive impairment. Lu et al. [15] compared low BIS and high BIS groups in four studies and concluded that the depth of anaesthesia did not correlate with the risk of POCD, but deep anaesthesia carried a significantly increased risk of POD. In their meta-analysis, the number of eligible studies was relatively low and the merged results on the outcomes were inconsistent. Oliveira et al. [16] demonstrated that BIS monitoring is favourable for POD and POCD at 1 month, as opposed to POCD at 1 week. However, in the latter case, data collection might be compromised since neither event numbers nor total number of patients included in analyses match that reported by the original Chan et al. article for POCD [30] . When pooling dichotomous and continuous outcomes, Mackenzie et al. [17] found that electroencephalogram-guided anaesthesia was associated with a reduction in POD incidence. Luo and Zou reported similar results as Mackenzie [17] on the association of BIS-and AEP-controlled anaesthesia with POD. Furthermore, a significant association was found with regard to the reduction of long-term cognitive decline. They identified significant heterogeneity across studies but ORs were similar for cardiac and no-cardiac surgeries [18] . Orena et al. concluded based on their research and currently available data that the use of intraoperative anaesthesia depth monitor is recommended during lighter sedation. Furthermore, the prudent use of premedications was also highlighted [19] . Contrasting these studies, we separated dichotomous and continuous data in the analysis, complemented the list of included studies with new ones and used TSA to decide whether not observing a difference between groups can be attributed to the size of the sample (beta-type error) or to a true association.
Strengths and limitations
(1) This is the first comprehensive assessment to discuss the effect of BIS monitoring on both POD and POCD with rigorous evidence synthesis (as seen in Table 3 ). In our study, data were shorted to the time of sampling. (2) The main strength of this study is that we included RCTs exclusively [26, 39] . (3) We conducted a comprehensive search with rigorous selection and RoB assessment (Figs 2 and 3 ). (4) Our main comparisons included a homogenous data set; therefore, confounding factors are unlikely to bias our results (see the I 2 and chi 2 tests results). This contrasts with the fact that the measurement of cognitive performance is based due to the lack of uniform, comprehensive and ecologically valid tests.
Besides the strengths, the evidence acquired is limited for a number of reasons (Table 3 ). (1) Although there are many publications, study protocols and data reporting are discrepant and incomplete (e.g. tests handled as continuous variables), thereby impeding statistical analysis. (2) There were mild differences in the definition of POD and POCD across studies, especially in the execution of postoperative cognitive measurements, although this discrepancy did not cause statistical heterogeneity in most analyses. (3) Publication bias could not be assessed due to the low number of eligible studies included. (4) For the same reason, subgroup analyses would be inconclusive. (5) Statistical heterogeneity occurred in some analyses, a result which might be explained by clinical heterogeneity (e.g. indications and types of surgery) and methodological heterogeneity (e.g. perioperative medications). However, previous studies [42, 43, 47] have suggested that certain intraoperative anaesthetic agents (e.g. propofol or volatile gases) may not affect POD and POCD; therefore, they are unlikely to distort our results. (6) Despite the high number of patients included, TSA on the BIS vs. no BIS comparison for POCD at 1 week indicated that neither the conventional significance boundary nor the trial sequential significance boundary was crossed by the cumulative Z-curve ( Fig 6) . The required sample size would thus be 6461 patients to draw a final conclusion, whereas our meta-analysis of three RCTs included only 1985 cases. (7) It is possible that the neutral association identified in the comparison of low BIS vs. high BIS regarding POD at 1 day is the consequence of betatype error (Fig 7) , which, unfortunately, could not be tested because the conditions of TSA were not met in this case.
Conclusion
BIS monitoring might have a protective effect against POD at 1 day and POCD at 12 weeks compared to not using BIS while low BIS seems to be favourable regarding the incidence of POD at 2 days and POCD at 1 week. Considering the grade of evidence, these findings call for further investigation to identify those patients by age, comorbid conditions, mental status, type of surgery and anaesthesia and by other individual variables who would benefit the most from the use of BIS or other entropy monitoring as well as to establish the optimal BIS value during anaesthesia. 
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